We present first results of neutral carbon ([C I] 3 P 1 − 3 P 0 at 492 GHz) and carbon monoxide ( 13 CO, J = 1 -0) mapping in the Vela Molecular Ridge cloud C (VMR-C) and G333 giant molecular cloud complexes with the NANTEN2 and 
Introduction
Carbon monoxide (CO) is often used as a tracer of H 2 density in molecular clouds, as it is abundant and easy to observe. However, it is known to be unreliable as it is optically thick in star forming regions (e.g. Shetty et al. 2011) . With a new generation of telescopes capable of mapping at sub-millimeter wavelengths, there is a revival of interest in utilizing neutral atomic carbon as a tracer of molecular cloud column density, both observationally and in numerical simulations (see e.g. Shimajiri et al. 2013; Offner et al. 2014; Glover et al. 2014) . One of the perceived advantages of atomic carbon (C i) over CO is that it continues to exist in regions of low dust extinction and strong radiation (commonly found in star forming regions), where CO suffers from photodissociation and turns into neutral carbon and oxygen. Here we investigate the effect that density and temperature have on H 2 column density calculated from [C i] and how it compares to that calculated from the CO isotopologues.
Of the four sources mapped here (see Table 1 ), three are in the G333 GMC, located at a distance of 3.6 kpc, while NE-RCW36 is north-east of the RCW36 H ii region in the Vela Molecular Ridge cloud C (VMR-C) at a distance of 700 pc. Both the G333 and VMR-C clouds have been extensively mapped at various wavelengths, including IR (Spitzer GLIMPSE and MIPSGAL, BLAST, Herschel), millimeter dust, and molecular lines (e.g. Yamaguchi et al. 1999; Mookerjea et al. 2004; Wong et al. 2008; Lo et al. 2009; Netterfield et al. 2009 ). From 1.2 mm dust continuum observations, the sources (clumps) in G333 have masses of ∼ 10 3 M ⊙ (Mookerjea et al. 2004) , while the clumps in NE-RCW36
have an order of magnitude lower mass of ∼ 70 M ⊙ (Netterfield et al. 2009 ). Over the last two years, we have started a program to map these two clouds in atomic carbon emission, with the NANTEN2 Telescope in Chile. We aim to investigate the distribution of C i in comparison to not only the CO isotopologues, but also various other chemical species such -4 -as N 2 H + , HNC, CS, and other dense gas tracers between 86 and 99 GHz.
We are currently completing the mapping of C i in G333 and the VMR-C, and here present our first result from the four mapped regions, focusing on the comparison between C i and CO isotopologues. The selected regions are all associated with embedded stellar clusters and H ii regions (see Table 1 ).
Observations and data reduction
The atomic carbon ( Bains et al. 2006; Wong et al. 2008; Lo et al. 2009) . At 3 mm wavelengths the Mopra telescope has a FWHM beam size of ∼36 arcseconds and velocity resolution of ∼ 0.1 km s −1 channel −1 at 100 GHz (Ladd et al. 2005) . Data were reduced using the Livedata and Gridzilla packages from the CSIRO/CASS. The Mopra data are gridded to the same spacing as the NANTEN2 [C i] data, which equates to 0.13 pc for RCW36 and 0.64 pc for the three G333 sources. and NE-RCW36. Beam sizes are marked by circles. The crosses mark the location of the IRAS sources, except RCW36 which is outside the map.
-7 -diagram shows that this emission is detached from the main source. NE-RCW36 PV diagram shows two separate velocity components, 4 and 7 km s −1 , which are also spatially separated. Since the column density calculation in this work is per spatial pixel, any spatially separable velocity structure does not affect the derivation of column density.
13 CO generally appears to be more extensive than [C i] as shown in Figure 1 . However, we have determined that this is due the greater prevalence of artifacts in [C i] maps, compared with those of 13 CO maps. The noise in both 13 CO and [C i] maps is non-Gaussian, and is influenced in particular by fluctuations in weather at the times maps were taken.
For [C i] at the higher frequency of 492 GHz, maps are more affected by poor weather than 13 CO transition at 110 GHz. As the artifacts/noise are non-Gaussian, it has not been possible to determine a specific contour level of 13 CO below which [C i] is no longer detected.
Column densities
The column density maps presented in this work is derived per spatial pixel, utilizing the integrated intensity maps in Section 3.1. H 2 column density is obtained from the optically thick 12 CO, C i, and
13
CO column densities are corrected for opacity at each spatial pixel position.
For H 2 column density, we utilize the empirical relation between H 2 and 12 CO for Galactic molecular clouds (Shetty et al. 2011) ,
We follow the column density calculation outlined in Oka et al. (2001) for C i, which -9 -we repeat briefly here,
where T MB dV is the integrated emission of [C i], Q(T ex ) is the partition function,
with energy levels of E 1 /k = 23.6 K and E 2 /k = 62.5 K, J ν (T BB ) and J ν (T ex ) are the radiation temperature of cosmic background radiation (T BB = 2.7 K) and excitation temperature (T ex ) respectively, and τ CI is the opacity,
here we assume the beam filling factor η f = 1. Assuming C i has the same excitation temperature as the optically thick 12 CO at each of the spatial pixels, which is derived from the peak brightness temperature of 12 CO (Glover et al. 2014) . We found the opacity of C i is between 0.1 to 1.3 across the maps. The total column density of C i is between (0.1 − 8.4) × 10 17 cm −2 , where IRAS16172-5028 has the highest peak column density of 8.4 × 10 17 cm −2 , and NE-RCW36 has the lowest peak column density of 3.3 × 10 17 cm −2 .
For

13
CO column density, we corrected 13 CO opacity by assuming that C 18 O is optically thin, and taking an isotopologue ratio of τ 13CO = 7.4τ C18O for the three sources in G333
GMC (Wong et al. 2008) , and 5.5 for NE-RCW36. The opacity is then obtained by solving the brightness temperature-opacity relation,
Similar to C i, we assume 13 CO has the same excitation temperature as 12 CO, the total column density of 13 CO is then,
-10 -where T b dV is the integrated emission of 13 CO, upper energy level of E u /k = 5.3 K, A ul is the Einstein A coefficient in s −1 , transition frequency ν in Hz, the degeneracy g u , and Q(T ex )
is the partition function (Garden et al. 1991) . We found the opacity of
CO to be between 0.1 and 5.3, and column density in the range of (0.1 − 100) × 10 17 cm −2 . IRAS16172-5028
and IRAS16177-5018 have the highest peak column density (∼ 10 19 cm −2 ), while similar to C i, NE-RCW36 has the lowest peak column density of 1.1 × 10 18 cm −2 .
Simulation and modeling on how well C i traces molecular clouds suggest the X CI − f actor has a value of 1.1 × 10 21 cm −2 K −1 km −1 s, an analogue to the widely used X CO − f actor that connects integrated 12 CO emission to H 2 column density (e.g. Offner et al. 2014; Glover et al. 2014) . We apply this value to the integrated emission maps of [C i] to derive H 2 column density (N H2−CI ) and compare this to the H 2 column density maps we obtained from 12 CO maps (N H2−CO ). We note that the conversion factor is obtained from simulation and may not be fully applicable to the observed region here, due to variables such as local abundance, chemical and physical conditions. We found N H2−CI traces 80 to 100 per cent of N H2−CO for regions where 13 CO column density is between ∼ 5 to 7 × 10 18 cm −2 and C i column density is between ∼ 4 to 8 × 10 17 cm −2 for the three G333 IRAS sources, for NE-RCW36, the region is at ∼ 1 × 10 17 cm −2 for 13 CO and ∼ 2 to 3 × 10 17 cm −2 for C i. A summary of the derived physical properties are listed in Table 1 .
Discussion
Recent C i mapping of the northern part of Orion-A GMC by Shimajiri et al. (2013) found a opacity of 0.1 -0.75, similar to what we find (0.1 -0.8) for three of our sources, with the exception of IRAS16164-5046 which reaches as high as 1.3 in optical depth at the [C i] emission peak. The highest C i column density in this work is of order of ∼ 10 17 cm −2 , which is an order of magnitude lower than the peak value ∼ 10 18 cm −2 found in Orion-A.
-11 - a IRAS16164-5046: One of the most luminous far-infrared (FIR) sources in the Galaxy (Becklin et al. 1973) ; associated with the H ii region G333.6-0.22, H 2 O and OH masers (Batchelor et al. 1980; Caswell 1998) ; harbours a young OB cluster (e.g. Fujiyoshi et al. 2006; Grave et al. 2014) . b IRAS16172-5028:
Strongest source of SiO emission in G333 (Lo et al. 2007) . Associated with H ii region G333.1-0.4, contains an embedded OB star cluster in very early evolutionary stages (Figueredo et al. 2005) , and H 2 O, OH and CH 3 OH masers (Breen et al. 2007; Caswell 1998; Caswell et al. 1995) . d NE-RCW36: Associated with the RCW36 H ii region, which contains a cluster of several hundred stars with the most massive star being a type O8 or O9 (see Minier et al. 2013 , and references therein). e The coordinates denote pointing centers for the maps (J2000). f Lockman (1979) . g Murphy & May (1991) .
-12 -However, this could be due to effects such as resolution (i.e. beam filling factor less than 1).
In fact, from modeling with the radiative transfer code RADEX ( Van der Tak et al. 2007) for gas temperature shows 10 18 cm −2 fits our sources better (discussion later on).
We also find that the C i column density peak is offset from the peak H 2 column density when the excitation temperature (both quantities derived from the peak 12 CO emission, Section 3.2) at the H 2 peak column density exceeds 25 K (Figure 3 ). This is unlikely to be due to the optical thickness of 12 CO 'shifting' the apparent peak position, as from a cross check with the dust cores from ATLASGAL (Csengeri et al. 2014 ) and BLAST (Netterfield et al. 2009 ) data, their positions coincide well with the 12 CO peaks and thus the H 2 column density peaks, except for source IRAS16177-5018, in which 12 CO is blended over various dust cores. In fact, at the peak C i column density position, T ex is within 15 to 20 K. The only source (IRAS16164-5046) that has both the C i and H 2 column density peaks coincide has an excitation temperature of ∼ 15 K at this position. Furthermore, if we double the excitation temperature (> 30 K) in C i column density calculations, it yields a lower column density at the C i peak position. Modeling of C i by Glover et al. (2014) shows around 80 per cent of C i is found in regions with temperature below 30 K, and from our observations, we also find C i is concentrated at places with lower excitation temperature (15 to 20 K). Depending on optical thickness, excitation temperature does not necessary equal gas kinetic temperature, and in the low opacity case, molecules are generally sub-thermally excited which makes the excitation temperature lower than kinetic temperature, so in either case, C i is found mainly in low temperature gas. One possible explanation for this is that the C i data presented here is from the observations of lower fine structure transition at 492 GHz with an energy level of 23 K. As the gas temperature rises, more of the neutral carbon atoms populate the higher transition level at 810 GHz with energy level of 62 K. To check whether this explanation is possible, we utilize the radiative transfer code RADEX by inputting gas temperatures in the range of 15 to 40 K. We find -13 -that as temperature rises, the intensity (population) of the 810 GHz transition increases from 2.8 to 20 K. Furthermore, the H 2 column density we obtained with C i is comparable to H 2 column density derived from 12 CO, in which 12 CO is an unreliable tracer at high density as it becomes optically thick (e.g. Shetty et al. 2011) , and thus under estimates the column density. Despite that, the comparable H 2 column density is suggesting that a portion of the neutral carbon atoms in the 3 P 1 − 3 P 0 state appear to be missing. If this is the case, and if a substantial amount of atomic carbon is in an energy state above the ground state, we should see a position offset of the 810 GHz [C i] transition for the sources here, and follow up observations in the future will further investigate this. More importantly, observations of both [C i] transitions maybe necessary to recover the total C i gas.
One possible uncertainty in our column density calculation comes from the velocity range in the integrated intensity maps. As shown in Section 3.1 these sources are not quiescent gases, they are turbulent with outflows (line wings). In order to access the effect of integrating over different gas components on column density derivation, two sets of velocity range are used: (1) integration over a velocity range that includes line wings/shoulders, (2) integration over the line width of the main core velocity component. In method (1), the H 2 column density derived from [C i] is comparable to those derived from 12 CO (Table 1) .
With method (2) of the four sources. The column density maps are at scale of 10 21 cm −2 and 10 17 cm −2 for H 2 and C i. The H 2 contour levels start at 40 per cent of peak column density (Table 1) , except for IRAS16177-5018 which start at 50 per cent, the lowest visible contour level in the presented map. Contour steps are at 20σ, where 1σ is 1 × 10 20 cm −2 for IRAS16164-5046, IRAS16177-5018 and NE-RCW36, and 1.5 × 10 20 for IRAS16172-5028.
-15 -CO, the relationship between [C i] intensity and H 2 column density is not well studied.
The value we used in this work is from simulation studies (Offner et al. 2014; Glover et al. 2014) , not specifically calibrated for the presented regions. The simulations do not take into account active star formation, where strong UV radiation increases the abundance of C i, and thus, altering the value of X CI − f actor. There is no observational/simulation study on X CI − f actor among active star forming regions (at the time of this work), but if star formation raises the abundance of C i, then the X CI − f actor would be higher in these cases, and thus increases the derived H 2 column density. We are in the process of completing the C i mapping, along with various molecular lines at 3 mm wavelengths, we can calibrate the X − f actor of C i and other molecules (e.g. HCO + , CS, HCN) by comparing the H 2 density estimated from SED fits of continuum emissions.
Conclusion
We present the first results of C i mapping of VMR-C and G333 GMCs, comparing the column density of H 2 derived from both C i and CO isotopologues. The [C i] emission profile is similar to 13 CO with comparable line widths. We found C i has opacity between 0.1 to 1.3, column density of (0.1 − 8) × 10 17 cm −2 , an order of magnitude lower than 13 CO column density. Utilizing the X CI − f actor we found an H 2 column density of order ∼ 10 22 cm −2 , which is within the same order of magnitude of H 2 column density derived from 12 CO, and near 100 per cent at [C i] peak emission location. [C i] emission tends to peak at regions with low gas temperature (< 20 K), and it yields the same H 2 column density as those derived from
12
CO at this temperature range. This could be due to part of the carbon atoms are in a higher excitation state, further mapping of C i transition at 810 GHz will help confirm this.
Our results suggest if the gas is warm (above 25 K), it is recommended to observe both -16 -of the [C i] transitions for a more accurate determination of H 2 column density. C i has the advantage of low opacity compared to 12 CO, while in low density and low extinction regions CO is dissociated into neutral carbon and oxygen, making C i a better tracer in these cases. However, in regions of dense gas where local abundance of 13 CO is known, 13 CO may be a better choice for probing H 2 column density, as it is easily observed due to the lower frequency of its emission lines. Facilities: Mopra, NANTEN2.
